This paper analyzes the anatomical response of Pinus pinaster Ait. following wounding by flash floods. A total of 14 wood samples were taken from 14 different scarred trees located on the river banks of the Arroyo Cabrera torrent (Spanish Central System). In addition, 20 increment cores were collected from undisturbed and healthy P. pinaster trees to build a local reference chronology. For the injured trees, analysis focused on growth changes in early earlywood (EE) tracheids, namely on differences in (i) lumen size; (ii) cell-wall percentage and cell-wall thickness; (iii) radial length and tangential width of tracheids; as well as (iv) in the abundance of resin ducts in earlywood (EW) and latewood (LW) following wounding. Results indicate that tissues bordering flash-flood wounds are characterized by reduced growth rates and a decrease of EE tracheid lumen area by 51%. In addition, cell-wall percentage increases by 34% in the increment rings formed after the event and significant changes are observed in the radial length and tangential width of EE tracheids. Observations on resin ducts do not yield any significant results. Based on these anatomical parameters, detecting and dating past flash-flood events in growth rings is now possible for Mediterranean species, specifically P. pinaster.
INTRODUCTION
Floods and the associated overflowing of fluvial or torrential channels as well as the water accumulation in endoreic areas represent a hazard with great associated socio-economic losses worldwide (Scheuren et al. 2009 ). In Mediterranean areas, flash floods are especially common (Roca et al. 2009 ) and characterized by both extremely high discharge and important debris transport rates as well as by an abrupt rise and fall of flood hydrographs combined with high flow velocities. As a result, they can pose hazards to society because of their sudden occurrence and the lack of risk perception. In mountain areas, where precipitation and flow gauges are infrequently present, dendrogeomorphological methods (Alestalo 1971) represent one of the most accurate indirect data sources for the dating of events that have occurred several decades or centuries ago (e.g. Bollschweiler et al. 2008a; . Growth disturbances in tree-ring series allow for an assessment of the magnitude and frequency of past flash-flood events and thus for the realization of hazard maps (Stoffel and Bollschweiler 2008) .
Since the late 1960s, dendrogeomorphological studies have focused on the reconstruction of floods through the dating of scars caused by impacts of boulders, ice or woody debris transported by water (e.g. Harrison and Reid 1967; McCord 1996; Gottesfeld 1996; Tardif and Bergeron 1997; Zielonka et al. 2008; Bollschweiler et al. 2008a ). In addition, anatomical 'flood signatures' resulting from prolonged flooding in large rivers have been assessed in different broadleaved species (e.g. Yanosky 1984; Hupp 1988; Astrade and Bégin 1997; St George et al. 2002) . However, in spite of this previous experience, dendrogeomorphological methods have not been used so far to assess flashflood processes in Mediterranean basins. This is a result of circumstances that are related to the specific characteristics of Mediterranean ecosystems as well as to the tree species existing in these environments. On one hand, the analysis of scars usually requires the use of destructive sampling strategies based on the collection of cross-sections or large wedges from stems. Normally, such sampling strategies require the sacrifice of trees (Yanosky and Jarret 2002) , which makes these methods undesirable, especially in fragile and vulnerable riparian ecosystems. On the other hand, the wood-anatomical response of Mediterranean conifers to fluvial processes has never been analyzed before. This lack of characterization of anatomical signatures (sensu Schweingruber 2001; Wimmer 2004 ) associated with flash floods of Mediterranean tree species has prevented the use of non-destructive sampling with increment cores so far, inhibiting the development of dendrogeomorphological techniques in applied flood-hazard analysis.
In this paper, Maritime pine (Pinus pinaster Ait.) trees have been analyzed to identify anatomical changes in the wood structure induced by flash-flood processes to this abundant Mediterranean conifer species so as to allow future research of the spatio-temporal activity of flash floods using non-destructive sampling methods. We report on preliminary results obtained from 14 microslides prepared from stem wedges taken from flash-flood wounds in fourteen different trees. Analysis focused on changes in the structure of early earlywood (EE) tracheids as well as on changes in the number and occurrence of resin ducts in earlywood (EW) and latewood (LW).
STUDY AREA
This study was conducted along the banks of the Arroyo Cabrera torrent (40u249280N, 4u399250W), a tributary of the Alberche river in the Tagus basin located in Central Iberian Peninsula (Figure 1) . The catchment has an area of 15.75 km 2 and is formed by the confluence of several secondary torrents descending from the Exclusa summit (1,960 m a.s.l.) to the confluence with the Alberche river (725 m a.s.l.) on the northern slopes of the Sierra del Valle (Gredos mountain range, Spanish Central System). The Arroyo Cabrera is characterized by highly dynamic torrential activity owing to persistent and heavy rainfall events, especially during winter, as well as by a high gradient in the headwaters (32% on average), which facilitate the triggering of shallow landslides that mobilize abundant solid material to the channel.
The study site was chosen for two reasons. On one hand, there are data on a low-frequency flash-flood event that took place in this catchment on December 18, 1997 (Bodoque et al. 2006) , causing substantial damage to the adjacent vegetation, mainly the Mediterranean conifer P. pinaster and riparian species including European alder (Alnus glutinosa (L.) Gaertn.), narrow-leafed ash (Fraxinus angustifolia Vhal.) or poplar (Populus nigra L.). On the other hand, there is a hydrologic monitoring network (2 flow gauges and 6 rain gauges) operational in the catchment since 2004, which allows for the recording of systematic data that can then be compared with results from dendrogeomorphological analyses.
MATERIAL AND METHODS

Sampling Strategy
Debris transported by flash-flood events often leads to the abrasion of bark and local cambium damage (Figure 2) , resulting in the formation of callus tissue (Schweingruber 1996 (Schweingruber , 2001 ). This growth disturbance prevents normal radial growth in the affected zone and induces an anatomical response that can be used as an indicator of trauma related to various geomorphic processes (Bollschweiler et al. 2008a; Stoffel and Hitz 2008; Schneuwly et al. 2009a, b) .
Sampling therefore focused on visibly injured trees located on the banks of the torrent and orientated parallel to the flow direction. Scars located elsewhere on the stem or with doubtful geometry such as unusually large or elongated scars that could have been generated by the fall of neighboring trees were avoided. Sampling of wounded trees was carried out with a handsaw and wedges were taken from the overgrowing callus. In addition, increment cores were taken from the side facing the wound with Suunto increment borers. Fourteen disturbed P. pinaster trees were selected and one wedge and one increment core were collected per tree. We noted the position of each tree with respect to the channel, dendrogeomorphological evidence of flash-flood activity, tree height, tree diameter at breast height (DBH), and tree damage in neighboring trees. In addition, increment cores were taken at breast height (1.3 m; Stoffel and Bollschweiler 2008 ) from 20 different undisturbed trees next to the torrent system to build a local reference chronology. 
Macroscopic Analysis
To identify macroscopic growth disturbances caused by flash-floods events, standard dendrochronological methods were used (Schneuwly and Stoffel 2008) . First of all, increment cores were fixed on woody supports and special care was taken to assure that wood fibres were glued vertically on the support (Iseli and Schweingruber 1989) to allow for the analysis of transversal sections. In a next step, cores and wedges were air dried, sanded and polished (up to 400 grit). Thereafter, ring widths were measured with an accuracy of 0.01 mm for both the disturbed and undisturbed trees using a digital LINTAB positioning table connected to a stereomicroscope and TSAP 3.0 software (Rinntech 2008) .
Using the increment data from the undisturbed trees, a local reference chronology was built, representing normal growth conditions at the study site. Ring widths were measured and the series crossdated, indexed and standardized with the TSAP 3.0 software (Rinntech 2008) . We used the reference chronology to detect abrupt growth changes in disturbed trees (Shroder 1980; Braam et al. 1987; Strunk 1997; Friedman et al. 2005; Vaganov et al. 2006) by comparing the values of disturbed samples (wedges, cores) with those of the reference chronology for the years preceding and those following the flash-flood event.
In a subsequent step, flash-flood events were dated by locating the year of scar formation in the tree-ring record (Zielonka et al. 2008) . In addition, visual procedures were used to identify (i) the intraseasonal position of the wound inside individual tree rings (Schneuwly and Stoffel 2008) and (ii) the presence of callus tissue formed following cambium damage (Larson 1994; Schweingruber 2001; Stoffel and Bollschweiler 2008) .
Microscopic Analysis
Following the tree-ring subdivision proposed by Stoffel et al. (2005) and Stoffel and Hitz (2008) , anatomical responses were assessed through the measurement of early earlywood (EE) tracheids, representing the first third of the earlywood. The goal of this microscopic approach was to analyze anatomical changes in P. pinaster resulting from flash-flood events, namely changes in (i) lumen area, (ii) cell-wall percentage and cell-wall thickness of EE tracheids, as well as changes in (iii) radial length and tangential width of EE tracheids. In addition, we analyzed differences in the (iv) abundance of resin ducts located in earlywood (EW) and latewood (LW; Stoffel 2008) .
Small cubes were cut at a distance of 1.5 cm from the wound and microslides (15 mm) were produced using a sliding microtome equipped with wedge-shaped blades. Samples were prepared as described by Schweingruber (2001) , photographed with a digital imaging system at 200 dpi (Leica DFC320). Microscopic images were analyzed at 503 magnification with a precision of 1 mm by means of the software WinCell PRO Version 5.6c (Régent Instruments 2008) on an area of about 0.6 mm 2 . The analysis of resin ducts, in contrast, was based on a visual observation and direct counting of ducts on the digital images. The area analyzed for resin ducts was defined by the width of the microscopic image (0.8 cm) and the total length of EW and LW.
In order to determine if anatomical changes were statistically significant, we carried out two non-parametric tests: Friedman and Wilcoxon tests (Sprent and Smeeton 2001) at 95 percent LSD (least significant difference). These analyses were focused on the identification of significant changes of wood-anatomical parameters in two or four years prior to wounding, in the response year, as well as in the two years after the initial response was observed. The Friedman test was used to identify if there are statistically significant differences in the mean ranks across more than two samples considered (i.e. anatomical parameters measurement before wounds, in the response year and after wounds). The Wilcoxon test was used to detect significant differences between measurements values for two related samples (e.g. resin ducts before wounding and resin ducts after wounding).
RESULTS
Macroscopic Growth Responses and Flash-Flood Dating
Analysis of the 14 wedges from the scarred P. pinaster trees allowed for the dating of three flash-flood events in the Arroyo Cabrera torrent. In 10 samples, scars were identified in the 1998 increment ring. The remaining four samples contained two scars in the 1990 and 2005 rings. Analysis of the intra-seasonal position of the 14 wounds and the corresponding callus tissue shows that the three flash-flood events are located in the very first EE tracheid layer, indicating that wounds were inflicted during the dormant season (Figure 3 ). In the study area, the dormant season extends from October to April, which coincides with the period of major rainfall.
As compared to the reference chronology (Table 1) , ring widths of the disturbed trees show a growth decrease by 49.6% near the injuries and 6.6% on the opposite side in the 1998 increment ring. Non-parametric statistical tests show that the changes in ring widths are significant for the analyses performed close to the wounds (Friedman: p 5 0.000 and x 2 5 20.64), but not for the samples selected from the opposite side (p 5 0.604 and x 2 5 1,848).
In contrast to the reactions observed after the 1997 event, the reduction of ring widths is much less pronounced for the 1989 and 2004 events. For these events, we observe a decrease in ring width of 24.9% (1989) and 21.5% (2004) next to the wound and 18.5% (1989) and 7.5% (2004) in the cores taken at the opposite side. Statistical analyses were not performed for these two events because the number of samples (n 5 2 per event) was too low.
Microscopic Analysis and Anatomical Changes Induced by Flash Floods
The anatomical analysis of wounded P. pinaster indicates large decreases in lumen area of EE tracheids as a result of the 1997 flash flood (Table 2 and Figure 4 ). When compared with the four years preceding wounding, the lumen area of the response year tracheids (i.e. 1998) decreases by more than 50%, whereas in the years following the event, we observe a recovery of lumen area (32.9%). Reductions of lumen area are statistically significant with p 5 0.000 and We also observe changes in the radial length and tangential width of EE tracheids following the 1997 flash flood with a decrease of radial lengths by 39% and tangential widths by 31.6%. Interestingly, the decrease of radial lengths and tangential widths is not only significant (Friedman test: p 5 0.000 and 0.012, respectively) for the response year, but it also seems that recovery in the two years following the initial response is only minimal and not significant (recovery of radial length and tangential width of 19.7% and 9%, respectively; Wilcoxon test: p 5 0.169 and 0.202, respectively). Changes of lumen, radial length and tangential width of EE tracheids in relation with the 1997 flash-flood event are illustrated in Figure 6 addition, the radial length and tangential width experienced decrease as well. As a consequence of the 2004 event, the radial length decreased by 23.6% and the tangential width by 14.4%, whereas for the 1989 event the decreases were 21.1% and 18.8%, respectively. Table 3 summarizes the number of resin ducts (RD) identified in EW and LW after flash flood wounding. In six samples -mainly in those showing the 1997 event -we observe an increase in the median values of RD per surface unit. The median value was 1 RD in EW and 2 RD in LW before wounding, whereas after the impact, we observe 2 and 3 RD, respectively. However, this increase in the number of RD following flashflood events does not allow conclusion that these changes are significant (Wilcoxon test: p 5 0.087 and 0.818, respectively).
Formation of Resin Ducts as a Response to Flash Floods
DISCUSSION AND CONCLUSIONS
This study was designed to determine anatomical changes in Pinus pinaster Ait. following wounding through flash floods. We analyzed macroscopic and microscopic changes in 14 P. pinaster samples that were scarred by debris transported during flash floods. Based on the analysis of the scars, it was possible to identify three flash-flood events over the last 20 years, namely in 1989, 1997 and 2004. Comparable techniques have been applied in the past to date floods based on anatomical changes in coniferous Yamamoto 1992) and broadleaved species (Yanosky 1984; Astrade and Bégin 1997; Kozlowski 1997; St George et al. 2002) . However, results obtained in these previous studies cannot be easily compared with those of the present study, as anatomical responses of trees to persistent floods (i.e. several days to several weeks) result from an interruption of growth hormone transport (i.e. lack of soil aeration; St. George et al. 2002; Kozlowski 1997) . However, in our case, trees are affected by flash-flood activity in a high gradient stream. This process is shortlasting (i.e. a few hours), has high energies and large sediment transport rates, thus favoring the formation of injuries. All flash floods reconstructed in this study occurred during the dormant season (i.e. 1989/90, 1997/98 and 2004/05) , when rainfall activity is Table 2 . Mean (m) and standard deviation (s) of changes in radial length, tangential width and lumen area of early earlywood (EE) tracheids at 1.5 cm from the wounds. Statistical tests (Friedman test) indicate significant differences for the three parameters and for the response year, the four growth rings preceding and the two succeeding the event. highest at the study site (Díez 2001) . Based on hydrometeorological records available for the wider study region, it is also possible to characterize the three events. The low-frequency event that took place on December 18, 1997, was the result of heavy rainfalls of almost 153 mm day 21 falling onto a saturated soil, resulting in a peak flash-flood discharge of about 593 m From our data and in contrast to the increase observed in the reference chronology, the growth decrease in the tree-ring segments neighbouring the wounds was much more important after the 1997 flash flood (49.6%) than after the 1989 (24.9%) and 2004 events (21.5%). On the cores taken on the opposite side of the wound, however, we observe a growth decrease by almost 19% and 8% following the 1989 and 2004 events, but a reduction of only 6.6% after the 1997 flash flood. As some of the trees were not only injured but also tilted by the 1997 flash flood, it is possible that the production of compression wood would have almost compensated the growth reduction.
Nevertheless, it seems that the magnitude of events and forces involved could have an influence on the intensity of the anatomical reaction. The peak discharge of the 1997 event was more than an order of magnitude larger than the flash flood that occurred in 2004. A higher peak discharge will increase the amount of detritus being transported in the larger size classes. As a consequence, greater wounds and stronger anatomical reactions are observed after the 1997 event as compared to the 2004 event.
The paper also illustrates that anatomical changes in P. pinaster could be used for the identification of flash-flood events. These changes are basically related to (i) a decrease in lumen area, (ii) an increase of cell-wall thickness, and (i) a decrease of the radial length and tangential width of EE tracheids. On average, lumen area was reduced by almost 50% as a consequence of wounding by flash floods. This response is consistent with results published by Fahn and Zamski (1970) , who reported the existence of smaller ''traumatic tracheids'' in Pinus halepensis Mill. following wounding. Comparable changes in tracheid dimensions were also described for juvenile Larix decidua Mill. trees injured by rockfall and snow avalanches (Stoffel and Hitz 2008) . In contrast, and did not observe changes in tracheid size in P. halepensis and Pinus densiflora Sieb. et Zucc. affected by persistent floods.
Resin ducts are generally considered an excellent growth disturbance-induced feature for the dating of geomorphological processes, provided that they appear in compact and continuous, tangentially oriented rows (Lafortune et al. 1997; Bollschweiler et al. 2008b; Stoffel 2008) . However, Pinus sp. do not normally form traumatic ducts and individual canals appear dispersed and only rarely in tangential bands (Bannan 1936 ). In particular, P. pinaster has a well developed vertical system of resin ducts in xylem tissues located close to the latewood transition (Castellarnau 1883; Schweingruber 1990 ). Although our data show a slight increase in the median values of resin ducts in six samples, it was not possible to identify clear signatures that would have allowed for the use of resin ducts as an indicator of flash-flood events. This finding is in agreement with Stoffel (2008) , who dissuades the use of resin ducts for the dating of geomorphic processes in Pinus sp.
In conclusion, the preliminary analysis of Pinus pinaster Ait. has allowed identification of different anatomical signatures following wounding by flash-flood events, namely (i) a significant decrease in ring widths close to the cambial damages, (ii) a significant decrease in lumen area of EE tracheids, (iii) an increase in cell-wall percentage caused by an increase in cell-wall thickness in EE tracheids, and (iv) a significant reduction of radial lengths of EE tracheids. These findings will greatly help future dendrogeomorphological studies on flash-flood events based on P. pinaster to use non-destructive sampling techniques and to analyze a much larger number of trees for the assessment of hazards and risks in ungauged basins in Mediterranean ecosystems. 
